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Introduction
Physical activity and bone loading stimulates bone remod-
eling. Increased rates of intra-cortical remodeling increases
porosity and decreases the overall density of cortical bone1, so
that newly remodeled bone has a lower cortical volumetric den-
sity (vBMD) than older cortical bone tissue. Variation in corti-
cal vBMD readings from the same slice image of the tibia using
pQCT have been reported in postmenopausal women and ado-
lescent girls and boys2,3 with an increased variability reported
with aging4. Additionally, endocortical radial vBMD has been
reported to be higher in younger men, while pericortical radial
vBMD was higher in older men5. Endocortical bone loss due
to remodeling appears to be significant and has been reported
to comprise as much as 47 percent of all cortical bone loss6. 
Site-specific skeletal response to loading has been reported
previously7-14, however, evidence suggests that only minor
load-specific differences in the distribution of cortical bone
throughout the tibial shell exist15. Bone geometry adaptations
also appear to be load pattern specific15,16, however, greater
amounts of non-specific physical activity has been reported to
be related to greater measures of bone strength in children re-
gardless of loading pattern17,18. Similarly, older individuals
who participate in volleyball have been reported to have
greater mid-tibia cross-sectional area than age matched refer-
ents19. Variability of vBMD within the cortical shell may be
important in fracture risk and therefore findings from this
study may help to improve the understanding of how vBMD
within the cortical shell varies within individuals.
The purpose of this study was to determine variation in corti-
cal vBMD from a single slice tibia image over a wide range of
vBMD readings and across several decades of life in a healthy
population. An awareness of the patterns of variation in cortical
vBMD in the tibia of a healthy population may be helpful in un-
derstanding patterns seen in other conditions, such as fractures
and stress-fractures. Additionally, we hoped to determine whether
there was an association between jump power, as a proxy for
physical activity and muscle strength, and cortical vBMD.
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Abstract
Objectives: The purpose of this study was to determine variability in cortical volumetric bone density (vBMD) from a single
slice tibia image over a range of vBMD readings and ages. Methods: Males and females (N=80; aged 6-80) were randomly se-
lected from a previous study. Cortical vBMD at the anterior, posterior, medial, and lateral regions as well as the endocortical,
mid-cortical, and pericortical regions of the cortical shell were determined using pQCT. Results: Mean anterior ROI cortical
vBMD (1111±11 mg/cm3) was lower than the posterior and lateral ROIs (1169±7 mg/cm3 and 1151±9 mg/cm3, respectively),
(p<0.05). Individuals with lower overall cortical vBMD and younger individuals had greater vBMD variability within the shell
(r=0.37, p=0.004). Difference between anterior and posterior regions was inversely associated with cortical vBMD and jump
power (r=0.46, p=0.001). Endocortical vBMD (1080±6 mg/cm3) was lower than the mid-cortical and pericortical regions (1152±5
mg/cm3 and 1147±5 mg/cm3, respectively). Conclusions: Variability in cortical vBMD was higher among young individuals and
those with lower overall cortical vBMD, while lowest in older individuals and men. The anterior ROI had lower mean cortical
vBMD than posterior or lateral regions, and endocortical vBMD was lower than the mid- and pericortical regions.
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We hypothesized that variation in cortical vBMD readings
at four specific regions within a tibia image slice would be
greater in participants with lower overall cortical vBMD and
that the vBMD variability would be associated with, or pre-
dicted by, strength measures or body composition, indicators
of physical activity and loading. Additionally, we hypothesized
that vBMD in the endocortical region will be lower in older
individuals than the mid or pericortical regions.
Materials and methods
Eighty subjects were randomly selected from an existing
dataset (N=307) to represent males and females over a wide
range of cortical vBMD readings (1095-1308 mg/cm3) and
ages (6-80 years of age). The original dataset had 170 females
(96 adults) and 137 males (55 adults) and was obtained to in-
vestigate muscle-bone relationships in healthy individuals. Pe-
ripheral quantitative computed tomography (pQCT) images
were ranked by cortical vBMD from low to high and random
numbers were generated in order to randomly select 80 sub-
jects with cortical vBMD ranging from 1113-1307 mg/cm3.
The original images were not analyzed for regional or radial
vBMD as described below. The original study was approved
by the South Dakota State University Human Subjects Com-
mittee and written informed consent was obtained on all adult
participants and from the legal guardian of minors, along with
signed assent by the minor. 
Anthropometric measures, jump power, and body compo-
sition (lean and fat mass) were considered as potential covari-
ates in the statistical models. Height without shoes was
measured to the nearest 0.5 cm (Seca Model 225, Hanover,
MD) and weight in light clothing was measured by digital
scale to the nearest 0.1 kg (Seca Model 770, Hanover, MD).
Maximum jump power in watts was obtained from a two-
footed counter movement jump using a ground reaction force
platform and software (Novotec Medical, Pforzheim, Ger-
many). Participants were instructed to jump as high as possible
in a similar manner to previous studies using jumping
mechanography20,21. Power was reported as watts per kilogram
body weight. Body composition was obtained using whole
body DXA (Hologic, Inc., Bedford, MA). Images were ana-
lyzed using Discovery Software version 12.3 provided by the
manufacturer. Pediatric versions of the software were used for
participants under 20 years of age. 
The leg measured was the one the participant indicated they
would use to kick a ball. Images of the 20% distal tibia site
were obtained using the XCT2000 with a voxel size of 0.4 mm
and a slice thickness of 2 mm (Orthometrix, White Plains,
NY). Procedures for measurement and location of this site
have been reported previously22. Cortical vBMD of the 20%
slice image was analyzed using manufacturer’s software ver-
sion 6.00B with settings for cortical bone at Cort mode 1 and
threshold of 710 mg/cm3. Cortical vBMD was adjusted for par-
tial volume effects using Rittweger’s method23. Our coefficient
of variation (CV) for cortical vBMD at the 20% distal tibia site
is less than 1%.
Using a method we have used previously24, a 1.4 mm2 Re-
gion of Interest (ROI) was created and positioned midway be-
tween the inner and outer edges of the cortical shell of the
image using a cross-hair to aide in positioning at anterior, pos-
terior, medial, and lateral locations (Figure 1). The center point
was determined as the point within the marrow cavity that was
an equal distance from the anterior, posterior, medial, and lat-
eral endosteal surfaces. The intersection of the cross hair was
placed at this point and the anterior line was positioned to bi-
sect the thickest point of the anterior cortex. Additionally, 30
scans from the previous study were analyzed twice to deter-
mine the reliability of this method and the coefficient of vari-
ation between analyses was less than 1 percent. Cortical
vBMD of these ROIs were analyzed similar to cortical vBMD
of the overall slice image using Cort mode 1 and threshold of
710 mg/cm3. The variation in the four ROI cortical vBMD
readings was calculated as the standard deviation (SD) of the
four measurements.
Analysis of radial cortical vBMD in the endocortical, mid-
cortical, and pericortical regions was performed on the pQCT
images using ImageJ version 1.46 25, an open source image
processing program, and BoneJ version 1.3.7 26, an open
source plug-in for the program. BoneJ allows the determina-
tion of pericortical, mid-cortical, and endocortical vBMD. 
Statistical Analysis
Repeated measures analysis of variance was used to deter-
mine differences among ROIs and radial regions. Post-hoc
comparisons were performed using Tukey’s HSD. The SD of
Figure 1. Positioning of four 1.4 mm2 Regions of Interest (ROI) mid-
way between the inner and outer edges of the cortical shell using a
cross-hair to aide in positioning at anterior (ANT), posterior (POST),
medial (MED), and lateral (LAT) locations.
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the four ROIs was tested for associations with cortical vBMD
and tested in regression models containing jump power, height,
lean mass, fat mass, age, sex, and age-by-sex interaction. Or-
dinary least squares regression was used to determine which
variables added to the prediction in cortical vBMD and varia-
tion in cortical vBMD. A p-value of 0.05 was considered sig-
nificant for all statistical tests.
Results
Participant characteristics are given in Table 1. Table 2 lists
covariate contributions to models predicting regional vBMD,
variability in regional vBMD, and posterior-anterior difference
in vBMD. Mean (±SD) anterior ROI cortical vBMD reading
(1111±11 mg/cm3) was significantly lower than the posterior
and lateral ROI vBMD (1169±7 mg/cm3 and 1151±9 mg/cm3,
respectively) (p<0.05), but not different from the medial
vBMD (1143±9 mg/cm3).
Least square means adjusting for height, lean mass, fat
mass, age, and sex for models predicting cortical vBMD in
each bone region are shown in Figure 2A. Overall cortical
vBMD was associated with vBMD at the anterior (β=1.45),
posterior (β=0.89), and medial regions (β=1.0). When overall
cortical vBMD and relative jump power were added to the an-
terior ROI model, all other covariates became non-significant.
Jump power was only associated with cortical vBMD at the
anterior ROI site (β=-0.71). 
Older individuals had lower regional variability and the
slope for cortical vBMD regressed on regional variability was
more pronounced in males than in females (age-by-sex inter-
action, p=0.04) (Figure 3A). In models controlling for height,
lean mass, fat mass, age and sex, cortical vBMD predicted
variability in vBMD among ROIs (p<0.01): lower cortical
vBMD was associated with higher variability in regional
vBMD (Figure 3B). Cortical vBMD was lower in pubertal than
post-pubertal individuals (1018±6 mg/cm3 and 1154±5, re-
Males (n=29) Females (n=51)
Children Adults Children Adults
Age (years) 10 [7-13] 46 [19-80] 9 [6-17] 43 [13-63]
Height (cm) 140±14 180±7 137±19 164±5*
Weight (kg) 36±10 81±12 39±18 72±11*
Body Fat (%) 20±5 20±7 27±8* 33±7*
Jump Power (W/kg) 39±6 45±14 36±8 34±8*
Children are individuals with a Tanner score of less than 4
Age is given as mean and range
All other data are mean ± SD
*Different than males in the same age category p<0.05
Table 1. Participant characteristics.
Dependent Variables
ROI Post-Ant 
Anterior Posterior Lateral Medial vBMD vBMD
vBMD vBMD vBMD vBMD SD Difference
Age *NS *NS *NS *NS *NS *NS
Sex - *p<0.05 *NS - *NS -
Age-By-Sex *NS *NS *NS *NS *NS -
Height - *NS *p<0.001 *NS *NS *NS
Lean Mass *NS *NS *p<0.01 *NS *NS *NS
Fat Mass *NS *NS *NS *NS - -
Jump Power *p<0.05 - - - - *p<0.05
Overall Cort vBMD *p<0.01 *p<0.001 - *p<0.01 *p<0.01 *p<0.05
* Variable is significant in univariate model
NS = Not significant when controlling for other covariates
p-values represent significance in the model containing all other covariates
‘-‘ = not included in analyses
Table 2. Contributions of covariates to ROI statistical models.
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Figure 2. A: Cortical vBMD among ROI locations. Data are least square means±SE after adjusting for age, sex, lean mass, fat mass, and height.
Bars with the same letter are significantly different from each other at p<0.05. B: Cortical vBMD among endocortical, mid-cortical, and peri-
cortical regions. Data are least square means±SE after adjusting for age, sex, lean mass, fat mass, and height. Bars with the same letter are sig-
nificantly different from each other at p<0.05.
Figure 3. A: The relationship between regional variability of vBMD the 4 ROIs and overall cortical vBMD stratified by age. This relationship
remained significant after controlling for age, sex, and the age-by-sex interaction. B: The relationship between regional variability of vBMD
for the 4 ROIs and age stratified by sex. This relationship remained significant after controlling for age, sex, and the age-by-sex interaction.
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Figure 4. A: The relationship between posterior-anterior vBMD difference and jump power. B: The relationship between posterior-anterior
vBMD difference and overall vBMD of the cortical shell. Jump power and cortical vBMD were both significantly associated with the anterior-
posterior difference in models by themselves and together.
Figure 5. A: The relationship between vBMD at the anterior site and age between sexes. This relationship remained significant controlling for
age, sex, and age-by-sex interaction. B: The relationship between vBMD at the posterior site and age between sexes. This relationship remained
significant after controlling for age, and sex. 
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spectively) while variability (SD) of regional cortical vBMD
within the cortical shell was greater in pubertal than non-pu-
bertal individuals (86±6 mg/cm3 and 59±6 mg/cm3). 
Anterior vBMD was usually less than posterior vBMD, ex-
cept in 22 subjects (27.5%) who had greater anterior cortical
vBMD than posterior cortical vBMD. The posterior-anterior
vBMD difference was inversely related with overall cortical
vBMD (p<0.05) and jump power (p<0.05) (Figures 4A & 4B). 
After 40 years of age, vBMD at the anterior site was lower in
females than males but not in younger individuals (Figure 5A).
At the posterior site, females had higher ROI cortical vBMD than
males throughout all age groups after adjusting for height, lean
mass, fat mass, age, and sex (p=0.01) (Figure 5B). Cortical
vBMD did not differ between males and females at the lateral or
medial sites. 
Table 3 lists covariate contributions to models predicting
endocortical, mid-cortical, and pericortical regions. Age,
height, lean mass, fat mass, and overall cortical vBMD were
all significant in univariate models, while sex was significant
at the endocortical and mid-cortical sites. After controlling for
age and overall cortical vBMD, lean mass was inversely re-
lated to endocortical vBMD (β=-0.97, p<0.001) but was not
related to mid or pericortical vBMD.
Least square means±SE were calculated for radial vBMD
adjusting for height, lean mass, fat mass, age, sex and age-by-
sex interaction. Adjusted endocortical vBMD (1080±6
mg/cm3) was lower than the mid-cortical and pericortical re-
gions (1152±5 mg/cm3 and 1147±5 mg/cm3, respectively), but
no difference was observed between the mid-cortical and peri-
cortical regions (Figure 2B). After controlling for overall cor-
tical vBMD, endocortical and pericortical vBMD were lower
in pubertal than non-pubertal individuals. Additionally, the
age-by-radial region interaction was significant (0<0.01): en-
docortical vBMD was lower with increasing age while mid-
and pericortical vBMD did not differ with age. Distribution of
vBMD among radii was similar between males and females.
Discussion
Variability of vBMD within the cortical shell was greater
among younger individuals and pubertal individuals than older
individuals. Variability of vBMD also was greater in individ-
uals with lower overall cortical vBMD. Since new bone tissue
is less dense than old bone tissue1, these results correspond
with bone growth in younger individuals and with bone re-
modeling in older individuals, especially among females. Our
results that endocortical and pericortical vBMD is lower dur-
ing puberty supports previous research which reported that pe-
riosteal growth in early life and at puberty is rapid, but after
puberty slows significantly27, so younger individuals in this
sample would have higher variability in cortical vBMD and
lower cortical vBMD in the endocortical and pericortical re-
gions due to growth. This variability would be expected to be
lower at older ages and this is supported by our findings that
vBMD in the periosteal region increases early in life and then
slowly tapers off after about age 40.
Our findings that cortical vBMD of the anterior region of
the tibia is significantly lower than the posterior region are
consistent with the findings of Lai et al3 and Cooper et al2. In
healthy Chinese post-menopausal women aged 47-60 years,
Lai found a 6.5% difference between anterior and posterior re-
gional cortical vBMD. Our difference between the anterior and
posterior regions, sampling a broader age range and with a
slightly different method also was approximately 5%. Cooper
et al2 used eight regional sectors to analyze mid-tibia regional
cortical vBMD from pQCT images in 183 adolescents. They
found significant variation (up to 12% difference) across sec-
tors with the highest vBMD found at the medial and lateral
margins of the posterior sector and lowest vBMD in the ante-
rior sectors. The lower percentage difference between anterior
and posterior regions of interest that we observed in our study
may be explained in part by 22 subjects who had anterior
vBMD greater than posterior. These subjects ranged in age
Dependent Variables
Endocortical vBMD Mid-Cortical vBMD Pericortical vBMD
Age *p<0.001 *NS *p<0.001
Sex *NS *p<0.001 -
Age-By-Sex *NS *NS *NS
Height *NS *NS *NS
Lean Mass *p<0.001 *NS *NS
Fat Mass *NS *NS *NS
Jump Power - - -
Overall Cort vBMD *p<0.001 *p<0.001 *p<0.001
* Variable is significant in univariate model
NS = Not significant when controlling for other covariates
p-values represent significance in the model containing all other covariates
‘-‘ = not included in analyses
Table 3. Contributions of covariates to radial vBMD statistical models.
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from 7-80 years old and were evenly distributed among sexes
with 11 males and 11 females. We further investigated the pre-
dictors of the difference between anterior and posterior vBMD
and found that the posterior-anterior difference was inversely
related with jump power and overall cortical vBMD. 
In our study, jump power was associated with cortical
vBMD in the anterior ROI, but was not in other regions. The
loading environment that the tibia is exposed to may help to
explain this relationship. Modeling studies have suggested that
during ambulation that axial strain is tensile at the anterior part
and compressive at the posterior part28,29. This is interesting
because the anterior cortex is considered a high-risk site for
stress fracture in many sports, with stress fractures of the mid-
dle third of the tibia being known to occur in sports involving
repetitive jumping30,31. Stress fractures would be assumed to
occur in areas of bone that have not adapted to sustain the
forces applied at the time of fracture32. The anterior and pos-
terior portions of the tibia are exposed to the highest strain and
thus may be susceptible to stress fractures due to an inability
to repair adequately. This would seem logical since anterior
tibial stress fractures are common. It is not known whether the
limiting factor in a stress fracture is due to geometric or mate-
rial characteristics, but bone structural adaptations to particular
loading patterns have been shown in athletes7,33. A study in
runners with previous stress fractures concluded that interven-
tions to reduce stress fracture risk might be aimed at improving
muscle size and strength34. This is logical given findings of a
study by Milgrom et al. that reported an increase in tibial
strains following a 2 km run and a 30 km desert march35. A
study by Schaffler et al. reported that while bones lose some
stiffness during the initial phases of loading, a failure point
when strains are within normal limits is not reached36. How-
ever, based on the post-fatigue strains reported by Milgrom et
al., a bone could reach its failure point rather quickly. Our stud-
ies on muscle-bone relationships in children found that jump
power was not associated with overall cortical vBMD at the
20% distal tibia, but was associated with bone area22. Results
from the current study show that higher jump power is associ-
ated with higher cortical vBMD in the anterior cortex. Studies
that have investigated polar vBMD have reported differences
in the variability of vBMD within the cortical shell24 and dif-
ferences in vBMD at different sectors within the cortical shell15
depending on the predominant loading environment. The
aforementioned studies15,24, and other previously published re-
search37, indicates that muscle pull has a large role in the
strains and subsequent adaptations at the tibia. 
Analysis of radial density over the course of the lifespan
may also aid in developing an understanding of why some
fractures may occur. Our findings that vBMD was lower in the
endocortical region than the mid-cortical region is in agree-
ment with previous research5,15. This may be explained by the
findings of Zebaze et al. who reported that endocortical bone
loss accounts for up to 47 percent of total bone loss6. Our find-
ings support those of Zebaze et al. in that endocortical vBMD
is negatively associated with age compared with mid- and peri-
cortical regions. Given that new bone is less dense than old
bone38, we can postulate that the endocortical region is remod-
eling more frequently than the other regions. This could theo-
retically be in an effort to support periosteal growth.
This study is limited by the cross-sectional design that does
not enable us to determine changes over time. Additionally,
we have used jump power and body mass as surrogates for
muscle strength and loading. Activity levels were self-reported
and therefore are subject to over- or under-reporting. The
method we developed to locate the ROIs was done in a non-
computerized manner. Although, we have determined this
method of analysis to be repeatable, we are uncertain whether
or not the differences we observed would be similar using
computerized software. Finally, the random sample we ob-
tained for this study yielded slightly unequal age ranges with
men ranging in age from 7 to 80 while women ranged in age
from 6-63. The lack of elderly women in the study made it dif-
ficult to assess the long term relationships between menopause
and the distribution of cortical density. 
In conclusion, our results indicate a higher variability in cor-
tical vBMD of the tibia among individuals with lower overall
cortical vBMD. Variability of vBMD among ROIs was lowest
in older individuals and men, while younger individuals had
the greatest variability. The anterior region of the bone had
lower mean cortical vBMD than the posterior or lateral re-
gions, but was not different from the medial region. However,
in some participants the anterior vBMD was greater than the
posterior and this was related to greater overall cortical vBMD
and jump power. Additionally, endocortical vBMD was lower
than mid- and pericortical vBMD and this difference became
even greater with aging. 
References
1. Schoenau E, Neu CM, Rauch F, Manz F. Gender-specific
pubertal changes in volumetric cortical bone mineral den-
sity at the proximal radius. Bone 2002;31:110-3.
2. Cooper DM, Ahamed Y, Macdonald H, McKay HA.
Characterising cortical density in the mid-tibia: intra-in-
dividual variation in adolescent girls and boys. Br J Sports
Med 2008;42:690-5.
3. Lai YM, Qin L, Hung VWY, Chan KM. Regional differ-
ences in cortical bone mineral density in the weight-bearing
long bone shaft - A pQCT study. Bone 2005; 36:465-71.
4. Goldman HM, Bromage TG, Boyde A, Thomas CD,
Clement JG. Intrapopulation variability in mineralization
density at the human femoral mid-shaft. Journal of
anatomy 2003;203:243-55.
5. Rantalainen T, Nikander R, Heinonen A, Daly RM, Sieva-
nen H. An open source approach for regional cortical
bone mineral density analysis. Journal of musculoskeletal
& neuronal interactions 2011;11:243-8.
6. Zebaze RM, Ghasem-Zadeh A, Bohte A, et al. Intracorti-
cal remodelling and porosity in the distal radius and post-
mortem femurs of women: a cross-sectional study. Lancet
2010;375:1729-36.
L.A. Weidauer et al.: Variation in cortical density
96
7. Nikander R, Sievanen H, Heinonen A, Karstila T, Kannus
P. Load-specific differences in the structure of femoral
neck and tibia between world-class moguls skiers and
slalom skiers. Scand J Med Sci Sports 2008;18:145-53.
8. Heinonen A, Oja P, Kannus P, et al. Bone mineral density
in female athletes representing sports with different load-
ing characteristics of the skeleton. Bone 1995;17:197-203.
9. Heinonen A, Oja P, Kannus P, Sievanen H, Manttari A,
Vuori I. Bone mineral density of female athletes in dif-
ferent sports. Bone Miner 1993;23:1-14.
10. Heinonen A, Sievanen H, Kannus P, Oja P, Vuori I. Site-spe-
cific skeletal response to long-term weight training seems to
be attributable to principal loading modality: a pQCT study
of female weightlifters. Calcif Tissue Int 2002;70:469-74.
11. Nikander R, Kannus P, Dastidar P, et al. Targeted exercises
against hip fragility. Osteoporos Int 2009;20:1321-8.
12. Nikander R, Sievanen H, Heinonen A, Kannus P. Femoral
neck structure in adult female athletes subjected to different
loading modalities. J Bone Miner Res 2005; 20:520-8.
13. Nikander R, Sievanen H, Heinonen A, Karstila T, Kannus
P. Load-specific differences in the structure of femoral
neck and tibia between world-class moguls skiers and
slalom skiers. Scand J Med Sci Sports 2008;18:145-53.
14. Nikander R, Sievanen H, Uusi-Rasi K, Heinonen A, Kannus
P. Loading modalities and bone structures at nonweight-bear-
ing upper extremity and weight-bearing lower extremity: a
pQCT study of adult female athletes. Bone 2006;39:886-94.
15. Rantalainen T, Nikander R, Daly RM, Heinonen A, Sieva-
nen H. Exercise loading and cortical bone distribution at
the tibial shaft. Bone 2011;48:786-91.
16. Shaw CN, Stock JT. Intensity, repetitiveness, and direc-
tionality of habitual adolescent mobility patterns influ-
ence the tibial diaphysis morphology of athletes. Am J
Phys Anthropol 2009;140:149-59.
17. Ma H, Leskinen T, Alen M, et al. Long-term leisure time
physical activity and properties of bone: a twin study. J
Bone Miner Res 2009;24:1427-33.
18. Macdonald H, Cooper DM, McKay HA. Anterior-poste-
rior bending strength at the tibial shaft increases with
physical activity in boys: evidence for non-uniform geo-
metric adaptation. Osteoporosis Int 2009;20:61-70.
19. Rantalainen T, Linnamo V, Komi PV, Selanne H, Heinonen
A. Seventy-year-old habitual volleyball players have larger
tibial cross-sectional area and may be differentiated from
their age-matched peers by the osteogenic index in dy-
namic performance. Eur J Appl Physiol 2010; 109:651-8.
20. Fricke O, Weilder J, Tutlewski B, Schoenau E.
Mechanography - A new device for the assessment of
muscle function in pediatrics. Pediatr Res 2006;59:46-9.
21. Rittweger J, Schiessl H, Felsenberg D, Runge M. Repro-
ducibility of the jumping mechanography as a test of me-
chanical power output in physically competent adult and
elderly subjects. JAGS 2004;52:128-31.
22. Binkley T, Specker B. Muscle-bone relationships in the
lower leg of healthy pre-pubertal females and males. J
Musculoskelet Neuronal Interact 2008;8:239-43.
23. Rittweger J, Michaelis I, Giehl M, Wusecke P, Felsenberg
D. Adjusting for the partial volume effect in cortical bone
analyses of pQCT images. J Musculoskel Neuron Interact
2004;4:436-41.
24. Weidauer LA, Eilers MM, Binkley TL, Vukovich MD,
Specker BL. Effect of different collegiate sports on cor-
tical bone in the tibia. Journal of musculoskeletal & neu-
ronal interactions 2012;12:68-73.
25. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to
ImageJ: 25 years of image analysis. Nature Methods
2012;9:671-5.
26. Doube M, Klosowski MM, Arganda-Carreras I, et al.
BoneJ: Free and extensible bone image analysis in Im-
ageJ. Bone 2010;47:1076-9.
27. Rauch F. Bone accrual in children: Adding substance to
surfaces. Pediatrics 2007;119:S137-S40.
28. Peterman MM, Hamel AJ, Cavanagh PR, Piazza SJ,
Sharkey NA. In vitro modeling of human tibial strains dur-
ing exercise in micro-gravity. J Biomech 2001;34:693-8.
29. Kłodowski A, Rantalainen T, Mikkola A, Heinonen A,
Sievänen H. Flexible multibody approach in forward dy-
namic simulation of locomotive strains in human skeleton
with  flexible lower body bones. Multibody Syst Dyn
2011;25:395-409.
30. Patel D. Stress fractures: diagnosis and management in the
primary care setting. Pediatr Clin N Am 2010;57:819-27.
31. Sonoda N, Chosa E, Totoribe K, Tajima N. Biomechani-
cal analysis for stress fractures of the anterior middle third
of the tibia in athletes: nonlinear analysis using a three-
dimensional finitie element method. J Orthop Sci 2003;
8:505-13.
32. Frost HM. Bone’s Mechanostat: A 2003 update. Anat Rec
2003;275A:1081-101.
33. Kontulainen S, Sievanen H, Kannus P, Pasanen M, Vuori
I. Effect of long-term impact-loading on mass, size and
estimated strength of humerus and radius of female rac-
quet-sports players: A peripheral quantitative computed
tomography study between young and old starters and
controls. J Bone Min Res 2003;18:352-9.
34. Popp K, Hughes J, Smock A, et al. Bone geometry,
strength, and muscle size in runners with a history of
stress fractures. Medicine and Science in Sports and Ex-
cercise 2009;41:2145-50.
35. Milgrom C, Radeva-Petrova DR, Finestone A, et al. The
effect of muscle fatigue on in vivo tibial strains. J Bio-
mech 2007;40:845-50.
36. Schaffler MB, Radin EL, Burr DB. Long-term fatigue be-
havior of compact bone at low strain magnitude and rate.
Bone 1990;11:321-6.
37. Lanyon LE, Hampson WGJ, Goodship AE, Shah JS.
Bone Deformation Recorded in vivo from Strain Gauges
Attached to the Human Tibial Shaft. Acta Orthopaedica
1975;46:256-68.
38. Schoenau E, Neu CM, Rauch F, Manz F. Gender-specific
pubertal changes in volumetric cortical bone mineral den-
sity at the proximal radius. Bone 2002;31:110-3.
